Ku genes play a key role in the non-homologous end-joining pathway. We have identified Ku70 and Ku80 homologs in the koji molds Aspergillus sojae and Aspergillus oryzae, and have constructed the disruption mutants of Ku70, Ku80, and Ku70-80 to characterize the phenotypic change in these mutants. Neither Ku70-nor Ku80-disrupted strains show hypersensitivity to the DNA damaging agents methylmethane sulfonate (MMS) and phleomycin. Moreover, undesirable phenotypes, such as poor growth or repressed conidiospore formation, were not observed in the Ku-disrupted A. sojae and A. oryzae.
DNA double strand breaks (DSB) occur frequently in the chromosomes of eukaryotic cells, and repair of DSB is critical for the maintenance of genomic integrity. Two types of mechanisms-homologous recombination (HR) and non-homologous end-joining (NHEJ) pathwayshave been reported to be involved in DSB repair. 1) In the case of HR, the DSBs in chromosomes are repaired through regions homologous to exogenous DNA, while in the NHEJ pathway, DSBs in chromosomes are repaired by joining two broken ends of DNA irrespective of their sequence homology. This process has been well-characterized in yeast. The HR pathway depends on the RAD52 epistasis group of genes, 2) RAD50, RAD51, RAD52, MRE11, and XRS2.
3) The presence of the HR pathway has been confirmed in many kinds of organisms, and appears to be ubiquitous in all living organisms, ranging from bacteria to eukaryotes. On the other hand, the principal genes in the NHEJ pathway are known to include Ku70, Ku80, DNAPKcs, LIG4, and XRCC4. The Ku protein, consisting of the Ku70 and Ku80 heterodimers, 4) forms a complex with XRCC4 (nucleotide kinase) and LIG4 (DNA Ligase IV) and binds to DNA ends to promote the NHEJ pathway of DSB repair. 5, 6) The Ku proteins are also known to bind the telomeric ends of the chromosomes and to have functions related to the stability of chromosomes in mammalian cells. 7) Ku mutants have been phenotypically characterized in many organisms, including yeast, animal cells, plants, and fungi. In yeast Saccharomyces cerevisiae Ku mutants, cell cycle arrest along with temperature sensitivity was reported. 8) In mice, Ku mutants exhibit growth inhibition and miniaturization, 9) and in the plant Arabidopsis thaliana, elongation of telomere length has been reported. 10) Recently, increases in targeting frequency in Ku mutants has been reported in Kluyveromyces lactis 3) and Neurospora crassa.
11)
The koji molds Aspergillus sojae and Aspergillus oryzae are industrially important fungi used for the production of enzymes and oriental fermented food products such as soy sauce, sake, and miso, but the mechanisms of HR and NHEJ in the koji molds A. sojae and A. oryzae are poorly understood. The genes involved in homologous recombination in Aspergillus species have been reported in an experimental strain, Aspergillus nidulans uvsC, the Rad51 ortholog of A. nidulans, was identified, 12) and phenotypic characterization of uvsC mutants has been performed. 13, 14) Identification and analysis of mreA, the Mre11 ortholog of the A. nidulans, has also been reported. 15) On the other hand, no information is available on Ku or the machinery of the NHEJ pathway in Aspergillus species, including the koji molds A. sojae and A. oryzae. In the koji mold A. sojae, gene targeting frequency is low and random integration of exogenous DNA into the chromosome is mainly observed, 16) suggesting that NHEJ is a predominant pathway in A. sojae, and that genes involved in the NHEJ pathway might play an important role in this fungus.
In this study, we identified Ku70 and Ku80 homologs of the koji molds, A. sojae and A. oryzae, to investigate the effect of Ku disruption on the phenotype. The Ku70-and Ku80-disrupted strains of A. sojae and A. oryzae, were constructed and their phenotypes were characterized.
Materials and Methods
Fungal strains, culture media, and transformation. A. sojae strain 28-5 (wh), A. oryzae RIB40 (= ATCC42149), A. sojae strain I-6 (ÁpyrG), and y To whom correspondence should be addressed. Tel: +81-4-7123-5572; Fax: +81-4-7123-5953; E-mail: ttakahashi@mail.kikkoman.co.jp A. oryzae strain RP-1 (ÁpyrG) were used. The latter two strains are pyrG-deleted strains, derived from strains 28-5 and RIB40, respectively, and their constructions were described in a previous study. 16) A. sojae strain 28-5 is an isogenic mutant derived from ATCC46250. Malt medium (malt extract 2%, glucose 2%, polypepton 0.1%, 10 mM uridine) was used as a complete medium. Polypepton Dextrin (PD) medium (polypepton 1%, dextrin 2%, KH 2 PO 4 0.5%, NaNO 3 0.1%, MgSO 4 0.05%, casamino acid 0.1%, pH 6.0) was used for liquid cultivation of the Aspergillus strains, and protoplast transformations of the Aspergillus strains were carried out according to a method described previously. 16 ) CzapekDox (CZ) minimal medium plates with 1.2 M sorbitol were used for regeneration of the transformants. Pyrithiamine resistant transformants were selected on regeneration medium (1.2 M sorbitol-CZ) with pyrithiamine (0.1 mg/ml) (Takara, Tokyo, Japan). The triethyltin resistance of the transformants was examined according to a method described previously. 16) DNA techniques, PCR method, and southern hybridization. Standard DNA techniques were used in this study. Aspergillus genomic DNA was isolated by a method described previously. 16) PCR amplification was carried out on a Robocycler Thermal cycler (Stratagene, La Jolla, CA). Sequence homology was searched using the BLAST program. Sequences were aligned using the ClustalX program, 17) and phylogenetic trees were constructed by the neighbor-joining method. The genomic sequence data were obtained from the A. oryzae genomic sequencing consortium.
Southern hybridization was performed according to a method described previously. 16) Hybridization and detection of signals were carried out using a DIG system, in accordance with the manufacturer's instructions (Roche Diagnostics, Mannheim, Germany). DIG-labeled probes were constructed using a DIG PCR labeling kit (Roche Diagnostics). The primer pairs used to obtain DIG labeled probes for Ku70 and Ku80 were kuU387 and kuL2217, and ku2U1386 and Ku2L4698K respectively.
Sensitivity to DNA-damaging agents and temperature. Sensitivity to phleomycin was examined as follows: Conidiospores were inoculated on CZ plates containing 25 mg/ml to 300 mg/ml of phleomycin (Sigma, St. Louis, MO) and incubated at 30 C for 7 d. Conidiospores were also inoculated in another set of plates containing 1 mg/ ml of caffeine (Sigma), used combination with 50 mg/ml of phleomycin (Sigma). Sensitivity to MMS was also determined as follows: Conidiospores were inoculated on CZ plates containing 0.02 mg/ml to 10 mg/ml of MMS (Sigma) and incubated at 30 C for 7 d. Temperature sensitivity was tested by incubation of PD plates at 30 C, 37 C, and 42 C for 3 d.
Results and Discussion
Identification and cloning of Ku70 and Ku80 homologues in Aspergillus oryzae and Aspergillus sojae
To construct and characterize Ku70-and Ku80-disrupted strains of A. oryzae and A. sojae, genomic sequences of A. oryzae were surveyed by the BLAST program using Ku70 (Mus51) and Ku80 (Mus52) homologs of N. crassa. 11) In the tblastn search, DNA sequences with high sequence similarity to the Mus51 and Mus52 sequences of N. crassa were identified. A 3.4-kb fragment containing the putative Ku70 homolog and a 3.9-kb fragment spanning the putative Ku80 homolog were successfully amplified from the genomic DNA of A. sojae using two sets of PCR primers ku78U-ku3482L and ku2U936Xb-ku2L4698K, respectively (see Table 1 ). Subsequently, these fragments were cloned and sequenced. The length of the open reading frames of putative A. sojae Ku70 and A. oryzae Ku70 were 2249-bp, and that of putative A. sojae Ku80 and A. oryzae Ku80 were 2666-bp and 2662-bp, respectively. The sequence similarlity of A. sojae Ku70 and A. oryzae Ku70 was 95.9%, and that of Ku80 was 96.7%. The position of the open reading frames, exon, and intron were estimated on the basis of similarity to the Ku sequences of other orgnisms, mainly the Mus51 and Mus52 sequences of N. crassa, and the GT-AG splicing rule. The amino acid sequences of putative A. sojae Ku70 (AsKu70), A. oryzae Ku70 (AoKu70), N. crassa Ku70 (NcKu70), A. thaliana Ku70 (AtKu70), Xenopus laevis Ku70 (XeKu70), and Mus musculus Ku70 (MuKu70) were aligned ( Fig. 1) . A. sojae Ku70 (AsKu70) consists of 655 amino acids and shares 97.7% The putative A. sojae Ku80 (AsKu80) was also aligned with A. oryzae Ku80 (AoKu80), N. crassa Ku80 (NcKu80), A. thaliana Ku80 (AtKu80), X. laevis Ku80 (XeKu80), and M. musculus Ku80 (MuKu80) (Fig. 2) . The A. sojae Ku80 consists of 725 amino acids and has 98.2% identity with A. oryzae Ku80, 45.8% identity with N. crassa Ku80, and 20.1% identity with A. thaliana Ku80. The two possible functional do- mains-the Ku70/Ku80 N-terminal alpha/beta domain (positions 6 to 211) and the Ku70/Ku80 beta-barrel domain (positions 229 to 481)-in the putative AsKu80 sequence were found to be conserved. The Ku70/Ku80 C-terminal arm and SAP domain were not significantly conserved, although the LPF(A)ED(V)R motif in positions 435 to 442 was found to be conserved.
On the basis of the sequence similarity as well as the conserved functional domains and motifs in Ku70 and Ku80 homologs, it is likely that the DNA regions we obtained are orthologs of Ku70 and Ku80 in A. sojae and A. oryzae. The phylogenetic trees of Ku70 proteins of various organisms are shown in Fig. 3A . The amino acid sequences of putative A. sojae Ku70 (AsKu70), A. oryzae Ku70 (AoKu70), N. crassa Ku70 (NcKu70), A. thaliana Ku70 (AtKu70), X. laevis Ku70 (XeKu70), M. musculus Ku70 (MuKu70), and S. cerevisiae Ku70 (ScKu70) were aligned, and a phylogenetic tree was constructed. The phylogenetic trees of Ku80 proteins of various organisms are shown in Fig. 3B . The amino acid sequences of putative A. sojae Ku80 (AsKu80), A. oryzae Ku80 (AoKu80), N. crassa Ku80 (NcKu80), A. thaliana Ku80 (AtKu80), X. laevis Ku80 (XeKu80), M. musculus Ku80 (MuKu80), and S. cerevisiae Ku80 (ScKu80) were aligned, and a phylogenetic tree was constructed.
Construction of plasmid vectors for disruption of Ku70 and Ku80
A 3.4-kb fragment containing the Ku70 gene was successfully amplified from A. sojae genomic DNA using a primer set, ku78U and ku3482L (Table 1) , and cloned using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA). An EcoRI fragment containing the Ku70 gene was subcloned in pUC18, digested with BglII, and ligated to a 2.7-kb BglII fragment containing a pyrG fragment amplified from A. sojae genomic DNA using pyrU204Bg and pyrL2924Bg. Thus, a plasmid containing A. sojae Ku70 gene split by an A. sojae pyrG fragment (Ku70::pyrG), named pkupyr1, was constructed. A 2.3-kb BglII fragment containing an oligomycinresistance gene (oliC31), amplified from pMW10 18) using primers oli714Xb and oli3005Nt, 16) was cloned using a TOPO TA cloning kit (Invitrogen), and a 2.3-kb EcoRV-XbaI fragment containing the oliC31 gene was inserted into the XbaI/SmaI site of pkupyr1. Thus, a Ku70-disruption vector of A. sojae, pkuoli1-1, was obtained (Fig. 4A) .
A 3.9-kb fragment containing the Ku80 gene, was amplified from A. sojae genomic DNA using primers ku2U936Xb and ku2L4698K, and was cloned using a TOPO TA cloning kit (Invitrogen). The resulting plasmid was digested with BamHI+HincII and ligated to a 2.7-kb BamHI-NruI fragment containing the pyrG gene which was amplified from A. sojae genomic DNA (using the primer set pyrU204Bg and pyrL2939E). Thus a Ku80-disruption vector containing Ku80::pyrG, pku80pyr4 was obtained (Fig. 6A) .
A 5.4-kb fragment containing the Ku80 gene, amplified from A. sojae genomic DNA using a primer set of ku2n28X and ku2n5659X, was cloned using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA). The resulting plasmid (pku80L1) was digested using HincII and Amino acid sequences were analyzed using the ClistalX program. 17) The number at each node indicates the percentage of 1000 bootstrap replicates required for statistical significance. A, phylogenetic tree of Ku70 proteins. B, phylogenetic tree of Ku80 proteins. Data base accession numbers are as follows: ScKu70 (Saccharomayces cerevisiae Ku70), P32807 and ScKu80 (Saccharomayces cerevisiae Ku80), Q04437. ligated with a 2.1-kb EcoRV-SspI fragment containing the ptrA gene, which was amplified from pPTR1 (Takara) using a primer set, namely, ptr2482U and ptr4418LSsp, and cloned using the TOPO TA cloning kit (Invitrogen). Thus, a Ku80-disruption vector containing Ku80::ptrA and pku80LptrN3 (Fig. 7A) was obtained.
Generation of Ku70 disruptants
To construct Ku70 disruption mutants of A. sojae, the I-6 strain (A. sojae pyrG-deleted strain) was transformed with a DNA fragment amplified from the Ku70-disruption vector pkuoli1-1 using primers ku78U and oliU714Xb 16) (Fig. 4A ). Genomic DNA was purified from regenerated transformants, and a 5.9-kb fragment expected in the genome of Ku70 disruptants (shifted from parental 3.7-kb fragment) was confirmed by PCR amplification with a primer set, kuU459 and kuL4222 (Fig. 4B, lanes 1 and 2) . A Ku70 disruptant, named AskuN76, was obtained from the 99 transformants that were examined.
To construct Ku70-disrupted mutants of A. oryzae, RIB40 pyrG-deleted strain RP1 was transformed with a PCR-amplified fragment (using ku78U and oli714Xb) from Ku70 disruption vector pkuoli1-1. Genomic DNA of pyrG plus transformants were amplified by PCR using a primer set, kuU459 and kuL4222, and 3 out of 30 transformants examined were confirmed to have been replaced by a 5.9-kb (= Ku70::pyrG) fragment. One of the Ku70-disruptants, named RkuN16, was used for further experiments. Ku70 disruption was confirmed by Southern analysis of genomic DNA (Fig. 5) . PstIdigested genomic DNA was hybridized to a Ku70 probe. A 6-kb band in the I-6 strain (Fig. 5B, lane 1) was replaced by two 4.1-kb bands in the AskuN76 strain (Fig. 5B, lane 2) (Fig. 5A, top) , and a 9.3-kb band in the RP-1 strain (Fig. 5B, lane 3) was replaced by a 4.1-kb band and a 7.4-kb band in RkuN16 (Fig. 5B, lane 4) (Fig. 5A, bottom) . No ectopic integration was observed in the Ku70-disrupted strains. As a result of Ku70 disruption, the 0.5-kb BglII-BglII region (Fig. 4A) corresponding to amino acid positions 106 to 270 (Fig. 1) was removed from the open reading frames of Ku70 of A. sojae and A. oryzae.
Generation of Ku80 disruptants
To obtain a Ku80-disrupted mutant of A. sojae, pyrGdeleted strain I-6 was transformed with a DNA fragment amplified by PCR from pku80pyr4 using a primer set, ku2U936Xb and ku2L4698K (Fig. 6A) . The genomic DNA of pyrG-plus transformants was examined by PCR amplification using a primer set, ku2U830 and ku2L4937. A Ku80-disruptant, named AskuN45, which had a 4.8-kb fragment (Fig. 6B, lane 2) , instead of a 4.1-kb fragment (Fig. 6B, lane 1) , was obtained from the 114 transformants tested. Ku80 disruption was confirmed by Southern analysis of genomic DNA. BglII digested genomic DNAs were hybridized to a Ku80 probe. A 6-kb band in the parental I-6 strain (Fig. 6C,  lane 1) was replaced by a 6.7-kb band in the AskuN45 strain (Fig. 6C, lane 2) . As a result, the 2-kb HincIIBamHI region (Fig. 6A) corresponding to amino acid position 1 to 492 (Fig. 2) , was removed from the open reading frame of A. sojae Ku80.
Generation of Ku70, Ku80 double disruptants To construct Ku70, Ku80 double disruption mutants of A. sojae, AskuN76 strain (A. sojae Ku70 disruption mutant) was transformed with a PCR-amplified fragment (using ku2n28X and ku2n5659X) from Ku80 disruption vector pku80LptrN3 (Fig. 7A) . The genomic DNA of ptrA plus (pyrithiamine resistance) transformants were amplified by PCR using a primer set, ku80-1856U and ku80-7698L, and digested with XbaI. The 5.9-kb fragments derived from Ku80::ptrA were digested to three bands (1.5, 1.8, and 2.5 kb) (Fig. 7B, lane 2) , but that from the original Ku80 were not (Fig. 7B,  lane 1) .
As a result of PCR analysis, 11 out of 20 transformants examined were confirmed to have been replaced by Ku80::ptrA. One of the Ku70-, Ku80-double disruptants (Ku70::pyrG, Ku80::ptrA), named AskuN76ptrA, was used for further experiments. Ku80 disruption was confirmed by Southern analysis of genomic DNA (Fig. 7C) . BglII digested genomic DNAs were hybridized to a Ku80 probe. A 6-kb band in the parental I-6 (ÁpyrG) strain (Fig. 7C, lane 1) was replaced by a 5.5-kb band and a 0.5-kb band in the AskuN76ptrA strain (Fig. 7C, lane 2) .
Phenotypic characterization of Ku70 and Ku80 disruptants
Sensitivity to DNA-damaging agents phleomycin and MMS was examined using the ÁKu70, ÁKu80, and ÁKu70-ÁKu80 strains. All of the Ku-disrupted strains grew on plates containing 125 mg/ml of phleomycin (Fig. 8) , but did not grow on those containing 200 mg/ml phleomycin. Growth of the strains was repressed on plates containing both 50 mg/ml of phleomycin and 1 mg/ml of caffein (Fig. 8) , and it was reported that the growth repression was due to the inhibition of homologous recombination. 19) Apparently, no growth difference was observed between the wild-type and Kudisrupted strains of A. sojae and A. oryzae (Fig. 8) . A, The scheme of Ku80-disruption is shown. When the PCRamplified DNA fragments from the Ku80 locus which is split by a pyrG gene (Ku80::pyrG) in a Ku80-disruption vector, pku80pyr4, are applied to the recipient Ku80-proficient pyrG-deleted strain (I-6) and pyrG-proficient transformants are selected, a replacement-type HR recombination by the homologous sequences around the Ku80 locus is to be expected. Also, sensitivity to MMS was tested using all of the Kudisrupted A. sojae and A. oryzae strains. The sensitivities to MMS were not significantly different between the Ku-disrupted strains and the parent strain. They grew on CZ plates containing 0.2 mg/ml of MMS (Fig. 8) , but not on plates containing 1 mg/ml of MMS. To study the temperature sensitivity of the strains, ÁKu70, ÁKu80, and ÁKu70-ÁKu80 strains and wild-type strains were cultivated at 30 C, 37 C, and 42 C for 3 d. The results showed no significant differences in temperature sensitivity among these strains. Growth of all the strains was repressed at 42 C, but no growth difference was detected at 30 C or 37 C. Here, we concluded that disruption of either Ku70 or Ku80 does not have any apparent adverse phenotypic effect on the growth of A. sojae or A. oryzae.
Hypersensitivity of Ku mutants to DNA-damaging agents such as MMS and phleomycin has been reported in A. thaliana 10, 20) and N. crassa. 11) This hypersensitivity is due to a deficiency in DSB repair, which depends on functional Ku genes. But in this study, Ku-disrupted mutants of A. sojae and A. oryzae did not exhibit sensitivity to DNA-damaging agents, phleomycin and MMS, suggesting the dominance of the Ku-independent pathway, which might support DNA damage repair in koji molds. The key factors involved in the Kuindependent NHEJ pathway remain unknown in mammalian cells. 21, 22) Alternatively, the non-hypersensitive phenotype in the Ku-disrupted strains of A. sojae and A. oryzae might be attributed to the multi-nucleate state of these cells, which is apparently more resistant to DNA-damaging agents than the uninucleate state.
Ku genes have been reported to play a role in the maintenance of telomere length in yeast 8) and plants 10, 20) and in the stability of the chromosome in mammalian cells. 23) In this study, we found no apparent phenotypic change in Ku-disrupted mutants of A. sojae and A. oryzae. Spore formation and germination were intact in Ku-disrupted mutants, and no obvious deficiency was observed.
In the generation of Ku80 disruption, the targeting frequency of Ku80 (Ku80::pyrG) in the parental I-6 (ÁpyrG) strain was about 1%, but in the generation of the ÁKu70-ÁKu80 strain, the targeting frequency of Ku80 (Ku80::ptrA) in the ÁKu70 strain was about 53%. Though the transformation marker and vector construction used in each experiment were different, these results suggest an increase in the homologous recombination frequency in the Ku70 disrupted A. sojae strain.
Furthermore, as reported for Kluyveromyces lactis 3) and Neurospora crassa, 11) we confirmed that the frequency of homologous recombination is highly increased in Ku disrupted mutants of A. sojae and A. oryzae using the pyrG deleted derivative of Ku disrupted strains (Takahashi et al. submitted for publication). These results strongly suggest that the Ku70 and Ku80 homologs identified in this study are related to the NHEJ pathway in A. sojae and A. oryzae.
To investigate the machinery of the NHEJ pathway in the koji molds, further study is necessary.
